5,873,235 

1 2 

LIQUID FUEL PRESSURIZATION AND pressure rise requirements for fuel pressurization and air 

CONTROL METHOD assist compression for the liquid fuel pressurization and 

control system are for low specific-speed compressors (low 

This is a Division of application Sen No. 08/730,541, throughput flow rate and high pressure rise relative to the 

filed Oct. 16, 1996, now U.S. Pat. No. 5,752,380. 5 compressor's tip speed). A centrifugal pump and compressor 

ttt ruNnr a t crm r> operating under these conditions would have an efficiency of 

lhLHNiLAL ILhLD less ±m twenty percenl (20%). Under these conditions it 

This invention relates to the general field of turbogenera- would require a very large number of centrifugal compres- 

tors and more particularly to an improved liquid fuel pres- *° series (e.g. ten (10)) to produce the same pressure rise 

surization and control system for a turbogenerator. 10 f° r a given tip speed as could one (1) helical flow compres- 
sor 

BACKGROUND OF THE INVENTION A helical flow compressor is a high-speed rotating 

In a turbogenerator generating electricity and operating on machine that accomplishes compression by imparting a 
a liquid fuel, it is necessary to increase the pressure of and velocity head to each fluid particle as it passes through the 
atomize or vaporize the liquid fuel to be provided to the 15 machine's impeller blades and then converting that velocity 
turbogenerator combustor. In addition, it is also desirable to nead into a pressure head in a stator channel that functions 
increase the pressure of some of the turbogenerator com- as a vaneless diffuser. While in this respect a helical flow 
pressor discharge air which is nominally supplied to the compressor has some characteristics in common with a 
turbogenerator combustor and use this additionally com- centrifugal compressor, the primary flow in a helical flow 
pressed air to assist liquid fuel atomization in special fuel/air 20 compressor is peripheral and asymmetrical, while in a 
injectors used in the combustor. In order to have complete centrifugal compressor, the primary flow is radial and sym- 
combustion, without the generation of undesirable combus- metrical. The fluid particles passing through a helical flow 
tion products such as COx and NOx, it is critical that the compressor travel around the periphery of the helical flow 
liquid fuel be completely atomized or vaporized when it compressor impeller within a generally horseshoe shaped 
enters the turbogenerator combustor. Further, if not fully 25 stator channel. Within this channel, the fluid particles travel 
atomized, the liquid fuel can leave varnish on any metal alon § helical streamlines, the centeriine of the helix coin- 
surfaces that it comes into contact with. The increased ciding with the center of the curved stator channel. This flow 
pressure liquid fuel and the increased pressure turbogenera- pattern causes each fluid particle to pass through the inapel- 
tor compressor discharge air (air assist air) can work ler blades or buckets many times while the fluid particles are 
together to accomplish complete atomization. 30 traveling through the helical flow compressor, each time 

In addition, if the liquid fuel is at too high a temperature, acquiring kinetic energy. After each pass through the impel- 

the fuel injectors which deliver the liquid fuel to the turbo- ler blades > lhe particles reenter the adjacent stator 

generator can become vapor locked which will disrupt the channel where they convert their kinetic energy into poten- 

continued flow of the liquid fuel to the combustor. It is, tial ener gy and a resulting peripheral pressure gradient in the 

therefore, essential that the temperature of the liquid fuel be 35 stator cnannel - ^ multiple passes through the impeller 

maintained below the temperature at which vapor lock can blades (regenerative flow pattern) allows a helical flow 

occur. Means to cool the liquid fuel may be required compressor to produce discharge heads of up to fifteen (15) 

In a conventional turbogenerator operating on a liquid timeS tbose P roduced b ? a centrifugal compressor operating 

fuel, the speed of the turbogenerator is normally controlled 4n f eqUal ^ s P eed f - A }^ 1 flow compressor operating at 

by the interaction of liquid fuel flow rate and the load of the T u s P ec l fi c-speed and at its best flow can have efficiencies 

turbogenerator electrical output. Besides requiring a sepa- f a ^ut fifty-five percent (55%) with curved blades and can 

rate liquid fuel control and/or metering valve to regulate the have f^-TS 2 ^irty^ight Percent (38%) with 

liquid fuel flow rate, such a system requires a turbogenerator StraigtU radial blades * 

speed sensor, requires a turbogenerator turbine exhaust 45 A helical flow pump has the same basic design as a helical 

temperature sensor, is dependent upon turbogenerator load, ^ ow compressor. 

would not be self-damping, and has certain inherent insta- Among the advantages of a helical flow pump or com- 

bilities. pressor or a helical flow turbine are: 

Further, in the operation of a turbogenerator, it has been (a) simple, reliable design with only one rotating assem- 

difEcult to sustain low power output operation. Inherently, 50 bry; 

the turbogenerator is designed for a continuous, steady-state, (b) stable, surge-free operation over a wide range of 

full power operation. When a low power output is required operating conditions (i.e. from fill flow to no flow)- 

s^rt^^ss^ss ja? life (eg - 4om hours) iimiied mawy by thdr 

without some special measures being taken. 55 , , ' , . 

A new type of fuel pump and a new type of compressor . (d) f eed ° m from J* ear and oil contamination 

to supply air assistance for fuel/air injectors appears to be SmCC tbere "* n ° mbbm§ or lubnca ted surfaces utilized; 
warranted. Centrifugal pumps and compressors are potential ( e ) fewer sta S es rec l uire d when compared to a centrifugal 
candidates for both liquid fuel pressurization and control and compressor; and 

for air compression used for fuel/air atomizing injectors. 60 (0 higher operating efficiencies when compared to a very 
However, centrifugal pumps and compressors operate best l° w specific-speed (high head pressure, low impeller speed, 
(with high efficiencies) when they have a high throughput * ow flow) centrifugal compressor. 

flow rate and a low pressure rise relative to their tip speed. The flow in a helical flow pump or compressor can be 
These operating conditions are characterized as high visualized as two fluid streams which first merge and then 

specific-speed conditions. Under these conditions, a cen- 65 divide as they pass through the pump or compressor. One 
trifugai compressor can operate with an efficiency on the fluid stream travels within the impeller buckets and end- 
order of seventy-eight percent (78%). But the flow rate and lessly circles the pump or compressor. The second fluid 
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stream enters the pump or compressor radially through the 
inlet port and then moves into the horseshoe shaped stator 
channel which is adjacent to the impeller buckets. Here the 
fluids in the two streams merge and mix. The stator channel 
and impeller bucket streams continue to exchange fluid 
while the stator channel fluid stream is drawn around the 
pump or compressor by the impeller motion. When the stator 
channel fluid stream has traveled around most of the com- 
pressor periphery, its further circular travel is blocked by the 
stripper plate. The stator channel fluid stream then turns 
radially outward and exits from the compressor through the 
discharge port The remaining impeller bucket fluid stream 
passes through the stnpper plate within the buckets and 
merges with the fluid just entering the compressor/turbine. 

The fluid in the impeller buckets of a helical flow pump 
or compressor travels around the compressor at a peripheral 
velocity which is essentially equal to the impeller blade 
velocity. It thus experiences a strong centrifugal force which 
tends to drive it radially outward, out of the buckets. The 
fluid in the adjacent stator channel travels at an average 
peripheral velocity of between five (5) and eighty (80) 
percent of the impeller blade velocity, depending upon the 
pump or compressor discharge flow, ft thus experiences a 
centrifugal force which is much less than that experienced 
by the fluid in the impeller buckets. Since these two cen- 
trifugal forces oppose each other and are unequal, the fluid 
occupying the impeller buckets and the stator channel is 
driven into a circulating or regenerative flow, The fluid in the 
impeller buckets is driven radially outward and "upward" 
into the stator channel. The fluid in the stator channel is 
displaced and forced radially inward and "downward" into 
the impeller bucket. 

While the fluid in either a helical flow pump or compres- 
sor is traveling regeneratively, it is also traveling peripher- 
ally around the stator-impeller channel. Thus, each fluid 
particle passing through a helical flow pump or compressor 
travels along a helical streamline, the centerline of the helix 
coinciding with the center of the generally horseshoe shaped 
stator-impeller channel. 

SUMMARY OF THE INVENTION 

In the present invention, the liquid fuel pressurization and 
control system and method utilizes a pump whose speed and 
shaft torque directly controls the pressure of the liquid fuel 
delivered to the turbogenerator combustor. This method 
includes establishing the turbogenerator speed and turbo- 
generator turbine discharge gas temperature required based 
upon the power load requirements of the turbogenerator, 
establishing the liquid fuel pressure requirements to produce 
the established turbogenerator speed and temperature, and 
commanding the pump to produce the established liquid fuel 
pressure by controlling the speed or the torque of the pump. 

The liquid fuel pressurization and control system for a 
turbogenerator includes a pump for supplying pressurized 
liquid fuel to the liquid fuel injectors of the turbogenerator 
combustor while the turbogenerator compressor supplies 
pressurized combustion air to the turbogenerator combustor. 
A motor, such as a permanent magnet motor, drives the 
compressor. A compressor motor inverter drive provides 
electrical power to the motor and receives operational speed 
and phase data from the motor. The inverter drive also 
receives torque and maximum speed control signals from the 
turbogenerator power controller which receives a speed 
feedback signal from the compressor motor inverter drive. A 
turbogenerator speed signal and a turbine exhaust gas tem- 
perature signal are provided to the turbogenerator power 
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controller from the turbogenerator. A separate compressor 
can also be utilized to increase the pressure of the turbo- 
generator compressor discharge air to provide an air assist to 
the turbogenerator combustor nozzles and also to cool the 

5 liquid fuel. A helical flow compressor and pump can be 
utilized as the compressor and pump for the liquid fuel 
pressurization and for the air assist compression. 

A helical flow compressor system is typically thirty (30) 
to forty (40) times smaller than systems with reciprocating 

10 compressors; consumes about one-third ( ! /j) of the energy 
that other liquid fuel pressurization systems use; does not 
require the use of an accumulator; does not compress the 
liquid fuel to a pressure that is higher than is needed and then 
throw the extra pressure away through valve based flow or 
pressure regulation; does not cycle on and off; does not 

15 operate in a pulsed mode; and is very fast and responsive 
being controlled by the same computer that controls the 
entire turbogenerator combustion process. 

The helical flow compressor is driven at high speed on the 
order of twenty four thousand (24,000) rpm by a permanent 

20 magnet motor/generator. It is designed to produce very high 
pressure for a given tip speed of impeller. 

A conventional centrifugal pump takes liquid fuel such as 
diesel oil or gasoline and passes it through an impeller blade 
which imparts kinetic energy to the liquid fuel. That kinetic 

25 energy or velocity energy is converted to pressure energy in 
a diffuser channel. This happens once each time the liquid 
me I goes through the pump. In order to obtain a large 
pressure rise, you either have to have a high speed impeller 
with a large diameter, or you have to have a large number of 

30 compression stages. 

A helical flow pump or compressor also takes inlet liquid 
fuel or air into the impeller blade where it picks up kinetic 
energy or velocity energy and then the liquid fuel or air goes 
into a stator channel (which is in effect a vaneless ditfuser) 

35 where the kinetic energy is turned back into pressure energy. 
While this happens only once in the typical centrifugal pump 
or compressor, it typically happens twelve (12) to fifteen 
(15) times in a helical flow pump or compressor. Thus, you 
can obtain about twelve (12) to fifteen (15) times as much 

40 pressure rise in a single stage of a helical flow pump or 
compressor as you can obtain in a single stage of a cen- 
trifugal pump or compressor. 

The helical flow compressor is also designed to produce 
very low flows whereas the centrifugal compressor requires 

45 higher flows for greater efficiency. Because of this, centrifu- 
gal compressors operating at high flows have higher effi- 
ciencies than helical flow compressors running at their best 
efficiencies. When, however, you compare centrifugal com- 
pressors with helical flow compressors with the same low 

so flows, helical flow compressors actually have higher effi- 
ciencies. A centrifugal compressor operating at its best 
operating condition would be operating at about a seventy 
eight percent (78%) efficiency. The centrifugal compressor 
would, however, be operating at its best flow which will be 

55 well above the flows needed by the turbogenerator. The 
helical flow compressor operating at its best flow can have 
efficiencies with curved blades of about fifty five percent 
(55%) and with straight blades of about thirty eight percent 
(38%). The efficiency of the helical flow compressor with 

60 straight blades for the flows required by the turbogenerator 
is about twenty five percent (25%) and with curved blades 
may be slightly over thirty percent (30%). On the other hand, 
the centrifugal compressor would be under twenty percent 
(20%) because it would be operating at such a low flow, well 

65 below where it is designed to operate at. At these low flows, 
there is a lot of scroll leakage losses in the centrifugal 
compressor. 
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The helical flow compressor has a lightweight wheel or With prior art technology, there is almost no gain in the 

impeller for a given throughput flow rate and pressure rise. turbogenerator by virtue of the fuel fluidics and the com- 

The centrifugal compressor will be somewhat heavier with pressed air pneumatics, the gain is all in the computer that 

less ability to accelerate and decelerate than the hehcal flow u contIol]im the liquid and that , s , harf P tQ dQ 
compressor. If both a cenhifugal compressor and a hehcal s what is done in the present invention is to use thf turbo: 
flow compressor are both designed to provide what the . a . • . 

turbogenerator requires, the impeller of the helical flow ffZfZ^ ^ SerVOSystem °? f ow ? 

compressor would be much lifter and much easier to [[ZZZ ? ^ pressure ' ?™Tf ^ 

accelerate and decelerate than the impeller of the centrifugal erat °' Speed W1 * ln a five P ercent < 5% > tole «n« range for 

compressor a e range of 0U, P ut P ower - The turbogenerator keeps 

Since the pressure of the liquid fuel introduced into the 10 ^ T^T^^ Tm^ ^ ^ l ° f ' 

turbogenerator combustor is a function of the speed of the ™ J k^m 8 , $ ^ B 

helical flow pump, the system computer can control the data Silf ? ^ t ^ 

which controls me motor which controls the pump and H T P ? v^t ""f l ° ^ 

^ff^t;«-i«, fk * ♦ i -*t_ l mine the speed and temperature at which the turbogenerator 

eilectively has the computer control either the pressure or 1C 0 u rt „ M k/ * j ^ * a ^t^ u ^ aiul 

tv,^ fl rtw «f u r i a u* u ■ . ^ 15 should be operating to produce that power. Another look-up 

the now or the hehcal flow pump which is pressurizing the +n ui & • t * . L t . • , ^ , , ,\ , ^ 

,■„• . fil . In „ , ,• to i • f*™^"S"-"c table determines what pressure the liquid fuel should have to 

liquid fuel. In a hehcal flow pump driven by a permanent u a -*u *u * i * j ^ l 1 . 

™™t ~ u * j .* J F 7 , be consistent with that selected turbogenerator speed and 

magnet motor, or by an induction motor, you can control the t^™™>™t»™ tk a 1 • .u T , T 

torque the motor makes or control the spied or a mix of the wf, P ress ^ e t| f th« commuted to be 

two. Typically in this application, the torque is controlled , n !?S ™ S 1 7 1 ?" g ^ ed ° f , the , h fl ehcal flow 

since that controls the pressure rte of the compressor. The 2 ° S S&'^T* 1 ^.J 161 ™ 1 fl ° W „ pUmp 

buckets have a known cross sectional area at a known radius S JSf "Jf" are °* amed Wl ' h a vef y smail error 

to the center of the motor shaft. Thus, there is a given nSr Av!™ ? n ^ a ?f° n,h , mS , Can be eXtrem f ^ accu ' 

pressure rise for a given motor torque. The liquid fuel to the ^ T ° V " 8™ "ntegrd propor- 

rurbogenerator can therefore be effectively controlled. „ ^ f ^ ^ ^ * 

A <v • • • . . , f . 25 speed, exhaust gas temperature, or output power. 

After ignition, combustion generated turbine torque accel- A 1; „ .* A , , , , 

erates the turbogenerator which raises the pressure of the lh A hqUld 1 fuel P" 5 ™ 1 ™ and «f f ^ based on 

turbogenerator compressor. As the turbogenerator compres- ^ e P rcsent «™nuon stabihzes much faster than systems 

sor increases the pressure of the combustion air, you will ^^JT^ , > t' uu "f"*?* ^ P TT 

also need to increase the liquid fuel pressure to keep it 30 ^ th a flow «ff valve. It has been demonstrated that 

somewhat higherso that there is a positive flowof liquid fuel ^ Sys ?"? M ,?^\l!%%g a * Mm ^ * Speed raDge 

to the combustor injectors. If for anv reason the mrbogen- f ° Ur th ? IMnd < 24 '°9°> I™ £ ^ S1X thousand 

erator gets to a speed so as to produce more turbogenerator L^nTm ^ TTf; tU 5 bo S enera ! or , t0 

compressor discharge pressure than the liquid fuel pressure, (10) 7 m f nd * at " Ca ° a1 ^ Mtl ? ! he [ u urbine 

the liquid fuel flow win stop and no liquid fuel will enter the 35 eXbaUSt * within two (2) degrees Fahrenhe.t. It 

rurtegeneratorcombustorandtheturbogeneratorgoesdown " * ^ ^ ndly SyStem which d °t s ove'shoo. and is 

in speed. This in fact constitutes a speed control mechanism Capab ' e ° f overcon » n g man V of the of prior 

which works extremely well. sys ms " 

A conventional liquid fuel pressurization and control - 11 * a pnnciple objective of the present inven- 

system controls the fuel flow rate delivered to the turbogen- 40 Ii0n ^ pr ° Vlde ^^P^^ llc * uld P^ssurization and 

erator but not the pressure of the fuel delivered to the C ° Dlro1 SyStem and method for a turb °g ei *rator. 

turbogenerator. If the flow is held constant the turbogenera- ?* 15 another objective of the present invention to provide 

tor speed can run away when the electric power load a liquid fuel pressurization and control system having means 

suddenly drops off. If the electrical load coming out of the to P ressunze H q uid foel to the precise pressure required by 

turbogenerator drops off, more torque is available from the 45 a turb °g eaer ator combustor J s injection nozzles, 

turbine to accelerate the wheel. The problem is controlling * £ ^ aDOtrJe r objective of the present invention to provide 

the speed in the system based upon the control of flow of a ^quid fuel pressurization and control system that does not 

liquid fuel. Only a high speed, high gain servosystem can pressurize the liquid fuel to a pressure substantially above 

prevent speed surges if fuel flow is controlled rather that fuel that re <H"red by a turbogenerator combustor's injection 

pressure. 50 nozzles then subsequently subregulate that pressure down to 

In the present invention, the pressure rather than the mass the level rec 3 uired b y ^ e nozzles, 

flow of the liquid fuel is controlled and set to a pressure such ^ ^ another objective of the present invention to provide 

as of twenty five (25) psi gauge. The turbogenerator will a liquid fuel pressurization and control system that does not 

automatically accelerate if the compressor discharge pres- require a mass flow control valve or a pressure control valve 

sure is twenty three (23) psi gauge. At that point, the 55 t0 assu *" e that the liquid fuel is pressurized to the precise 

turbogenerator is getting the amount of fuel it needs to run. pressure required by a turbogenerator combustor's injection 

With a drop off of load at the turbogenerator, the most that nozzles. 

the turbogenerator speed can increase is that change in speed It is another objective of the present invention to provide 

associated with an increase of two (2) psi in compressor a liquid fuel pressurization and control system that utilizes 

discharge pressure. The speed goes up about three percent 60 a variable speed pump to both pressurize the liquid fuel and 

(3%) or four percent (4%) (considered to be a speed error) to control its pressure and flow to precisely match the 

and stabilizes out as the gaseous fuel flow naturally drops requirements of the turbogenerator combustor's injection 

down. Essentially what the computer based control logic nozzles with no subsequent valve based subregulation. 

does is reduce this small error by using a limited amount of It is another objective of the present invention to provide 

gain or by using limited authority integration reducing this 65 a liquid fuel pressurization and control system that utilizes 

small error to essentially zero with small variations in fuel a variable speed pump having electrical power requirements 

pressure. This makes a stable servocontrol. much lower than those of an automotive fuel pump (owing 
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to pumping only the pressure needed by the turbogenerator 
rather than overpumping then subregulating) and having this 
pump submersion mounted in the fuel tank. 

It is another object of the present invention to provide a 
liquid fiiel pressunzation and control system having a com- 
pressor that does not have output flow rates or output 
pressures that pulsate. 

It is another object of the present invention to provide a 
liquid fuel pressurization and control system having a com- 
pressor that does not have to be cycled on and off to control 
the average liquid fuel discharge pressure. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and control system that utilizes 
either a helical flow pump, or a helical flow pump followed 
by a gear pump, to pressurize the liquid fuel to precisely the 
pressure required by a turbogenerator combustor's injection 
nozzles with no subsequent valve based subregulation. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and control system that utilizes 
a pump that is integrated with a drive motor and mounts the 
rotating pump elements on the same shaft on which is 
mounted the motor rotor. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and control system that utilizes 
a pump motor and motor inverter drive that can be com- 
manded to produce a given motor/pump shaft torque or can 
be commanded to produce a given shaft speed and in any 
case will provide a signal that is a function of shaft speed. 
Note that if the pump motor is a d.c. motor (shunt or 
otherwise) this objective can be met with interdependent 
control of motor current and voltage. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and control system that, through 
fuel control, can control turbogenerator speed to within 10 
rpm over an operating speed range of zero to 100,000 rpm 
and can control turbine exhaust temperature to within 2 
degrees Fahrenheit over an operating range of 300 degrees 
Fahrenheit to 1200 degrees Fahrenheit for the entire output 
power range. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and control system having means 
to supply cool air at up to 6 psig above turbogenerator 
centrifugal compressor discharge pressure to assist atomi- 
zation of the liquid fuel in the turbogenerator combustor's 
air assisted injector nozzles. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and control system utilizing a 
variable speed compressor to further pressurize some of the 
air from the turbogenerator centrifugal compressor dis- 
charge in order to supply cool air at up to 6 psig above 
turbogenerator compressor discharge pressure to assist 
atomization of the liquid fuel in the turbogenerator combus- 
tor's air assisted injector nozzles. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and control system utilizing a 
variable speed helical flow compressor to further pressurize 
some of the air from the turbogenerator centrifugal com- 
pressor discharge in order to supply cool air at up to 6 psig 
above turbogenerator compressor discharge pressure to 
assist atomization of the liquid fuel in the turbogenerator 
combustor's air assisted injector nozzles. 

It is another objective of the present invention to provide 
a liquid fuel pressurization and control system that varies the 
speed of the helical flow air atomization assist compressor to 
provide adequate but not excessive air for atomization and 
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adequate but not excessive air for fuel cooling in the injector 
nozzles (to prevent vapor lock) without utilizing excess 
electrical motor/inverter power. 

It is another objective of the present invention to provide 

5 a liquid fuel pressurization and control system that can 
reduce the fuel flow through some of the liquid fuel injector 
nozzles under conditions of low turbogenerator speed and 
low turbogenerator combustion temperature in order to 
stabilize the combustion flame, avoid flameouts and reduce 

io the turbogenerator idle speed and idle fuel consumption. 
It is another objective of the present invention to provide 
a liquid fuel pressurization and control system that can 
reduce the fuel flow through some of the liquid fuel injector 
nozzles under conditions of low turbogenerator speed and 

15 low turbogenerator combustion temperature utilizing sole- 
noid shut-off valves that are sequentially activated for each 
injector nozzle based on turbogenerator speed and/or turbo- 
generator turbine exhaust temperature and/or fuel flow rate. 

2q It is another objective of the present invention to provide 
a liquid fuel pressurization and control system that can 
reduce the fuel flow through some of the liquid fuel injector 
nozzles under conditions of low turbogenerator speed and 
low turbogenerator combustion temperature utilizing a pro- 

25 portional valve or multiple proportional valves that have 
their flow conductances adjusted as a function of turbogen- 
erator speed and/or turbogenerator turbine exhaust tempera- 
ture and/or fuel flow rate. 

It is another objective of the present invention to provide 

30 a liquid fuel pressurization and control system that can 
reduce the fuel flow through some of the liquid fuel injector 
nozzles under conditions of low turbogenerator speed and 
low turbogenerator combustion temperature utilizing a flex- 
ure valve or multiple flexure valves that have their flow 

35 conductances adjusted as a function of fuel pressure. These 
flexure valves use no solenoid, use no electrical power, 
require no conditioning and control circuitry. They are 
controlled and powered solely by the pressure of the liquid 
fuel used by the injector nozzles. 

40 It is another objective of the present invention to provide 
a liquid fuel pressurization and control system that controls 
the torque and speed of the utilizes either a helical flow 
pump, or a helical flow pump followed by a gear pump, to 
pressurize the liquid fuel to precisely the pressure required 

45 by a turbogenerator combustor's injection nozzles with no 
subsequent valve based subregulation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Having thus described the present invention in general 
5Q terms, reference will now be made to the accompanying 
drawings in which: 

FIG. 1 is a plan view of a turbogenerator set utilizing the 
liquid fuel pressurization and control system and method of 
the present invention; 
55 FIG. 2 is a perspective view, partially cut away, of a 
turbogenerator for the turbogenerator set of FIG. 1. 

FIG. 3 is a block diagram, partially schematic, view of the 
liquid fuel pressurization and control aspect of the pressur- 
ization and control system and method of the present inven- 

60 tio n; 

FIG. 4 is a block diagram, partially schematic, view of the 
air assist aspect of the pressurization and control system and 
method of the present invention; 

FIG. 5 is a block diagram, partially schematic, view of 
65 both the liquid fuel pressurization and air assist aspects of 
the pressurization and control system and method of the 
present invention; 
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FIG. 6 is an end view of a helical flow pump or com- 
pressor for use in either the liquid fuel pressunzation or air 
assist aspects of the liquid fuel pressurization and control 
system and method of the present invention; 

FIG. 7 is a cross sectional view of the helical flow pump 5 
or compressor of FIG. 6 taken along line 7 — 7; 

FIG. 8 is a cross sectional view of the helical flow pump 
or compressor of FIG. 6 taken along line 8 — 8; 

FIG. 9 is an enlarged sectional view of the impeller 
blade/stator channel area of the helical flow pump or com- 
pressor of FIG. 7; 

FIG. 10 is an enlarged sectional view of the impeller 
blade/stator channel area of the helical flow pump or com- 
pressor of FIG. 8; 15 

FIG. 11 is an enlarged partial plan view of the helical flow 
pump or compressor impeller blades illustrating the flow of 
liquid fuel therethrough; 

FIG. 12 is an enlarged partial plan view of a helical flow 
pump or compressor impeller having curved blades; 20 

FIG. 13 is an exploded perspective view of a stator 
channel plate of the helical flow pump or compressor of 
FIGS. 6-10; 

FIG. 14 is an enlarged sectional view illustrating fluid 25 
flow streamlines in the impeller blades and fluid flow stator 
channels; 

FIG. 15 is a schematic view illustrating the flow of liquid 
fuel through a helical flow pump or compressor; and 

FIG. 16 is a graph of the pressure versus flow character- 30 
istics of a helical flow pump or compressor. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

A turbogenerator set 10 utilizing the liquid fuel pressur- 35 
ization and control system and method of the present inven- 
tion is illustrated in FIG. 1. Amounting platform 11 supports 
the turbogenerator 12, associated ducts 13, air assist helical 
flow compressor 14, turbogenerator set power controller 15, 
and line commutated inverter 16. In addition, a liquid fuel 40 
pressunzation helical flow pump 18 is provided in liquid 
fuel tank 19. 

The turbogenerator 12 is illustrated in detail in FIG. 2 and 
generally comprises a permanent magnet generator 20, a 45 
power head 21, a combustor 22 and a recuperator (or heat 
exchanger) 23. 

Hie permanent magnet generator 20 includes a permanent 
magnet rotor or sleeve 26, having a permanent magnet 
disposed therein, rotatably supported within a permanent 50 
magnet stator 27 by a pair of spaced journal bearings. Radial 
permanent magnet stator cooling fins 28 are enclosed in an 
outer cylindrical sleeve 29 to form an annular air flow 
passage which cools the permanent magnet stator 27 and 
thereby preheats the air passing through on its way to the 55 
power head 21. 

The power head 21 of the turbogenerator 12 includes 
compressor 30, turbine 31 ? and bearing rotor 32 through 
which the tie rod 33 to the permanent magnet rotor 26 
passes. The compressor 30, having compressor impeller or 60 
wheel 34 which receives preheated air from the annular air 
flow passage in cylindrical sleeve 29 around the permanent 
magnet stator 27, is driven by the turbine 31 having turbine 
wheel 35 which receives heated exhaust gases from the 
combustor 22 supplied with preheated air from recuperator 65 
23. The compressor wheel 34 and turbine wheel 35 are 
supported on a bearing shaft or rotor 32 having a radially 
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extending bearing rotor thrust disk 36. The bearing rotor 32 
is rotatably supported by a single journal bearing within the 
center bearing housing 37 while the bearing rotor thrust disk 
36 at the compressor end of the bearing rotor 32 is rotatably 
supported by a bilateral thrust bearing. 

Intake air is drawn through the permanent magnet gen- 
erator 20 by the compressor 30 which increases the pressure 
of the air and forces it into the recuperator 23. In the 
recuperator 23, exhaust heat from the turbine 31 is used to 
preheat the air before it enters the combustor 22 where the 
preheated air is mixed with fuel and burned. The combustion 
gases are then expanded in the turbine 31 which drives the 
compressor 30 and the permanent magnet rotor 26 of the 
permanent magnet generator 20 which is mounted on the 
same shaft as the turbine 31. The expanded turbine exhaust 
gases are then passed through the recuperator 23 before 
being discharged from the turbogenerator 12. 

As illustrated in FIG. 3, the liquid fuel pressunzation 
aspect of the present invention includes a helical flow pump 
18, with motor 42, in liquid fuel tank 19. The liquid fuel tank 
provides liquid fuel, such as diesel oil or gasoline, to the 
liquid fuel pressurization helical flow pump 18 via a liquid 
fuel inlet 40. Elevated pressure liquid fuel is provided from 
the helical flow compressor outlet 41 to the turbogenerator 
combustor 22 injector 24 via fuel injector tube 38. The 
helical flow pump 18 would be driven by the permanent 
magnet motor 42 which could also function as a permanent 
magnet generator. A helical flow pump motor inverter drive 
43 provides three (3) phase electrical power to the helical 
flow pump motor 42 via electrical connection 44 and 
receives operational phase and speed data from the helical 
flow pump motor 42 via electrical connection 45. 

The helical flow compressor motor inverter drive 43 
receives torque control signals and maximum speed control 
signals 46 from the turbogenerator set power controller 15. 
The turbogenerator set power controller 15, which includes 
a central processing unit, receives a helical flow pump speed 
and current feedback signal 47 from the helical flow com- 
pressor motor inverter drive 43. A turbogenerator turbine 
exhaust gas temperature signal 50 from a thermocouple 51 
in the turbogenerator turbine exhaust gas duct 39 is also 
provided to the turbogenerator set power controller 15. The 
combustor 22 also includes a plurality of compressed air 
inlets 53 which provide pressurized air from the turbogen- 
erator compressor 30 to the combustor 22. 

The liquid fuel outlet 41 of the liquid fuel pressurization 
helical flow pump 18 may include a pressure sensor 48 to 
provide liquid fuel pressure data to the turbogenerator set 
power controller 15 via line 49. The turbogenerator perma- 
nent magnet generator 20 exchanges three phase electrical 
power data with the turbogenerator set power controller 15 
via lines 56, 57, and 58, Included in this data would be 
turbogenerator speed. 

While the liquid fuel pressurization has been described as 
being performed by a helical flow pump driven by a per- 
manent magnet motor/generator, it should be recognized that 
the helical flow compressor can be driven by other electrical 
means such as an induction motor or a brush type d.c. motor. 
Also, other pressurization means, such as a gear pump, can 
be utilized to pressurize the liquid fuel. 

The pressurized liquid fuel can be provided directly to a 
single fuel injector as shown in FIG. 3 or alternately to a 
liquid fuel manifold 52 as shown in FIG. 2. Three (3) fuel 
injectors 24 are shown in FIG. 2 and the injectors 24 can be 
supplied with pressurized liquid fuel from the liquid fuel 
manifold 52. Flow control valves 59 can be provided in each 
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liquid fuel line, except one, between the liquid fuel manifold 
52 and the injectors 24. In order to sustain low output power 
operation, the flow control valves 59 can be individually 
controlled to an on/off condition (to separately use one (1) 
or two (2) injectors individually) or they can be modulated 
together. The flow control valves 59 can be opened by liquid 
fuel pressure or their operation can be controlled or aug- 
mented with a solenoid. 

As illustrated in FIG. 4, the air assist helical flow com- 
pressor 14, having motor 62, includes a compressor dis- 
charge air inlet 60 to provide compressor discharge air flow 
from the turbogenerator compressor to the air assist helical 
flow compressor 14 and a pressurized air outlet 61 to provide 
elevated pressure air to the turbogenerator com bust or 22 
after passing through cooling tube 25 around fuel injector 
tube 38 to the injectors 24. While the helical flow compres- 
sor motor 62 can be an induction motor, it would preferably 
be a permanent magnet motor which could also function as 
a permanent magnet generator. A helical flow compressor 
motor inverter drive 63 provides three (3) phase electrical 
power to the helical flow compressor motor 62 via electrical 
connection 64 and receives operational phase and speed data 
from the helical flow compressor motor 62 via electrical 
connection 65. The helical flow compressor motor inverter 
drive 63 receives torque control signals and maximum speed 
control signals 66 from the turbogenerator set power con- 
troller 15. The turbogenerator set power controller 15, which 
includes a central processing unit, receives a helical flow 
compressor speed and current feedback signal 67 from the 
helical flow compressor motor inverter drive 63. A turbo- 
generator turbine exhaust gas temperature signal 50 from a 
thermocouple 51 in the turbogenerator turbine exhaust gas 
duct 39 is also provided to the turbogenerator set power 
controller 15. The combustor22 also includes a plurality of 
compressed combustion air inlets 53 which also provide 
pressurized air from the turbogenerator compressor 30 to the 
combustor 22. The turbogenerator permanent magnet gen- 
erator 20 exchanges three phase data with the turbogenerator 
set power controller 15 via lines 56, 57, and 58. Included in 
this data would be turbogenerator speed. 

The air assist helical flow compressor will increase the 
compressor discharge pressure approximately six (6) psi 
before the air is used to cool the pressurized liquid fuel in the 
fuel injector tube 38. It is then mixed with the pressurized 
liquid fuel in the injectors 24 to further atomize or vaporize 
the pressurized liquid fuel as it accelerates the pressurized 
liquid fuel into the combustion chamber. Since the pressur- 
ized air has a higher velocity than the pressurized liquid fuel, 
it will break up the liquid fuel into fine droplets. 

In FIG. 5, there is illustrated a liquid fuel pressurization 
and control system and method of the present invention in 
which the liquid fuel pressurization aspect and the air assist 
aspect are integrated into a single system. The compressor 
speed and current feedback signal 47 from the liquid fuel 
pressurization pump motor inverter drive 43 and the helical 
flow compressor speed and current feedback signal 67 from 
the air assist helical flow compressor motor inverter drive 63 
are both provided to the turbogenerator set power controller 
15 which provides torque control signal and maximum 
speed control signals 46 and 66 to the compressor inverter 
drives 43 and 63, respectively. 

A single stage helical flow pump or compressor perma- 
nent magnet motor/generator 70 is illustrated in FIGS. 6-8 
and includes a fluid inlet 71 to provide fluid to the helical 
flow pump or compressor 14 of the helical flow pump or 
compressor permanent magnet motor/generator 70 and a 
fluid outlet 72 to remove fluid from the helical flow pump or 
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compressor 14 of the helical flow compressor permanent 
motor/generator 70. It is referred to as a motor/generator 
since it can function equally well as a motor to produce shaft 
horsepower or as a generator to produce electrical power. 

5 The helical flow pump or compressor permanent magnet 
motor/generator 70 includes a shaft 73 rotatably supported 
by bearings 74 and 75. The position of bearing 75 is 
maintained by back-to-back Belleville type washers 76 
which also prevent rotation of the outer bearing race. An 

10 impeller 77 is mounted at one end of the shaft 73, while 
permanent magnet rotor 78 is mounted at the opposite end 
thereof between bearings 74 and 75. 

A stripper plate 79 is disposed radially outward from 
impeller 77. The permanent magnet rotor 78 on the shaft 73 

15 is disposed to rotate within permanent magnet stator 80 
which is disposed in the permanent magnet housing 81. 

The impeller 77 is disposed to rotate between stator 
channel plate 82 and stator channel plate 83. The stripper 

20 plate 79 has a thickness slightly greater than the thickness of 
impeller 77 to provide a running clearance for the impeller 
77 between stator channel plates 82 and 83. Stator channel 
plate 82 includes a generally horseshoe shaped fluid flow 
stator channel 84 having an inlet to receive fluid from the 

25 fluid inlet 71. Stator channel plate 83 also includes a 
generally horseshoe shaped fluid flow stator channel 85 
which mirrors the generally horseshoe shaped fluid flow 
stator channel 84 in the stator channel plate 82. 

Each of the stator channels 84 and 85 include an inlet 86 

30 and an outlet 87 disposed radially outward from the channel 
with the inlets and outlets of generally horseshoe shaped 
fluid flow stator channel 84 and generally horseshoe shaped 
fluid flow stator channel 85 axially aligned. The fluid inlet 71 
extends through stator channel plate 82 and stripper plate 79 

35 to the inlets 86 of both of stator channel plate generally 
horseshoe shaped fluid flow stator channel 84 and stator 
channel plate generally horseshoe shaped fluid flow stator 
channel 85. The fluid outlet 72 extends from the outlets 87 
of both stator channel plate generally horseshoe shaped fluid 
flow stator channel 84 and stator channel plate generally 
horseshoe shaped fluid flow stator channel 85. 

The fluid flow stator channels are best illustrated in FIG. 
13 which is a perspective view of the stator channel plate 83. 
The generally horseshoe shaped stator channel 85 is shown 

45 along with inlet 86 and outlet 87. The inlet 86 and outlet 87 
would normally be displaced approximately thirty (30) 
degrees. An alignment or locator hole 88 is provided in each 
of the stator channel plates 82 and 83 and in the stripper plate 
79. 

50 The impeller blades or buckets are best illustrated m 
FIGS. 11 and 12. The radial outward end of the impeller 77 
includes a plurality of blades 92. While these blades 92 may 
be radially straight as shown in FIG. 11, there may be 
specific applications and/or operating conditions where 

55 curved blades may be more appropriate or required. 

FIG. 12 illustrates a portion of a helical flow compressor 
impeller having a plurality of curved blades 93. The curved 
blade base or root 94 has less of a curve than the leading 
edge 95 thereof The curved blade tip 96, at both the root 94 

60 and leading edge 95 would be generally radial. 

In a helical flow pump or compressor, fluid enters one end 
of a generally horseshoe shaped fluid flow stator channel 
adjacent to the impeller blades 92. The fluid is then directed 
to the impeller blades 92 by a pressure gradient, accelerated 

65 through and out of the blades 92 by centrifugal force, from 
where it reenters the fluid flow stator channel. During this 
time the fluid has been traveling tangentially around the 
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periphery of the helical flow compressor. As a result of this, 
a helicaf flow is established as generally shown in FIGS. 14 
and 15. The dotted line in FIG, 15 represents the center of 
the impeller-stator channel. 

While the helical flow compressor is shown in a single 
pressurization stage configuration which is all that would 
normally be required in this system, it should be recognized 
that the liquid fiiel pressurization helical flow pump 18 and 
the air assist helical flow compressor 14 may have two (2) 
pressurization stages or as many as three (3) pressurization 
stages. The helical flow compressor permanent magnet 
motor/generator is described in additional detail in a U.S. 
Patent Application Ser. No. 08/730,941 filed on Oct. 16, 
1996, by Robert W. Bosky, Ronald F. Miller, and Joel B. 
Wacknov entitled "Helical Flow Compressor/Turbine Per- 
manent Magnet Motor/Generator", assigned to the same 
assignee as this application, and is herein incorporated by 
reference. 

The turbogenerator 12 is able to operate on whatever 
liquid fuel is available. Ignition of the liquid fuel produces 
heat and the liquid fuel flow is sustained and accelerates the 
turbogenerator which raises the pressure of the turbogen- 
erator compressor 30. As the turbogenerator compressor 30 
increases the pressure of the combustion air, the liquid fuel 
pressure must be correspondingly increased to keep it some- 
what higher so that there is a positive flow of liquid fuel to 
the combustor injectors. 

In order to start the system, the helical flow pump motor 
42 would normally be run to increase the liquid &el pressure 
to achieve a positive fuel flow to the combustor injectors. At 
the same time, the turbogenerator permanent magnet gen- 
erator 20 is utilized to run-up the turbogenerator speed. 
Light-off will occur when the correct fuel air ratio, a function 
of the combustion process, is achieved. Before light -off, the 
speed of the helical flow pump is the controlling factor. After 
light-off, the controlling factor will be exhaust gas tempera- 
ture during the remainder of the starting process. Once the 
start-up is completed and idle speed set point is achieved 
(normally fifty thousand (50,000) rpm) the system will 
switch to a torque control mode. 

The liquid fuel header pressure that is needed to operate 
the turbogenerator has to be extremely low for ignition. As 
the turbogenerator speed increases, the turbogenerator's 
compressor discharge pressure will increase up to as high as 
thirty seven (37) psi gauge. The liquid pressure in the header 
that feeds the combustor injectors needs to be between three 
tenths (0.3) psi above turbogenerator compressor discharge 
pressure to approximately a pound or pound and a half above 
turbogenerator compressor discharge pressure in order to 
accommodate liquid fuel line losses or pressure drops in the 
various components in the liquid fuel line to the combustor 
injectors. As the turbogenerator speed increases, the pressure 
that goes into the liquid fuel header can be increased. 

When the helical flow pump is operating at near zero 
speed, there is a very low gain in terms of the pressure rise 
since pressure rise is a function of speed squared. Once, 
however, the system is run in a torque control mode, the 
system is much more forgiving since any incremental 
change in torque will produce a well defined change in 
helical flow pump discharge pressure. This system is capable 
of operating in either a speed or torque control mode 
particularly if it is operating open loop. As currently 
configured, the system operates in a speed control mode for 
start up and a torque control mode for steady state operation. 

Once you have light-off, exhaust gas temperature 
increases. If the turbogenerator speed is known, turbogen- 
erator compressor discharge pressure can be calculated as 
can the liquid fuel pressure. It is a simple matter to calculate 
what helical flow pump speed is required to obtain the liquid 
fuel pressure at the header for the combustor injectors. With 
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header pressure known, the turbogenerator speed for any 
mode will be known. There is a direct relationship between 
helical flow pump speed and turbogenerator speed for any 
turbogenerator load. 

5 The torque on the helical flow pump motor, a function of 
the helical flow pump permanent magnet motor current, can 
readily be monitored. Alternately, the helical flow pump can 
run with the impellers turning but no torque in the helical 
flow pump motor or a torque from the helical flow pump 
motor which is simply providing power for the bearings and 
windage drag. The system inherently includes four feedback 
signals. These are the speed of the turbogenerator which 
provides compressor discharge pressure, the turbogenerator 
output power, turbine exhaust gas temperature and ambient 
air temperature. When operating at any given condition and 

15 a change in power is required, even before a change in 
command is provided to the helical flow pump, the change 
of conditions to satisfy the new power demand is known. In 
other words, it is not necessary to wait for an error to 
determine what is required to correct the error. This enables 

20 a less limited slew rate and permits more aggressive damp- 
ing which means less overshoot risk and less authority for 
the integral controls. 

In addition, there may be hardware implemented speed 
limits as a backup to the soft limits and software which are 

25 in the system. While the limits of the software based limits 
are reached long before you actually hit the limits, the 
hardwired limits are a really strong safety clamp. The 
software limits are soft and somewhat cushioned with a 
small damping factor in order so as not to precipitate 

30 instability. 

When the system is being operated at a constant speed and 
experiences an increase in load, the speed will start to drop 
until the liquid fuel flow is increased to maintain a constant 
speed of the turbogenerator. When higher liquid fuel flow is 
requested, a command is provided to the helical flow pump 

35 to increase its speed to compensate for the change in power 
required. In an open loop, the speed is increased and then 
trimmed back to operate at peak efficiency. Unless the 
system is directly connected to a utility or can receive 
significant electrical power from batteries, turbogenerator 

40 output power cannot instantaneously be increased since 
output fuel Sow cannot instantaneously be increased since 
turbogenerator turbine inlet temperature cannot instanta- 
neously be increased. 
The system will have both a transient temperature limit 

45 and a steady state temperature limit. The transient tempera- 
ture limits will be higher than the steady state temperature 
limits so that a low transient change can be accommodated 
without any significant drop-off in turbogenerator speed. 
Energy is required to accelerate the helical flow pump 

50 impellers and that energy has to come from somewhere. It is 
either taken from thermal energy or delivered energy or any 
combination of the two. The helical flow pump has a 
lightweight impeller and thus has a better transient response 
time than other pumps. 

55 If the turbogenerator load suddenly drops off significantly, 

5 the energy stored in the turbogenerator recuperator may 
require some kind of off-load bank, such as an electrical 
resistance bank to dissipate that energy. In stand-alone 
applications, a programmable device like a human interface 
will program a minimum load setting and a maximum load 

60 setting to prevent operating above a certain selected speed. 
Alternately, a valve can be utilized to simple dump discharge 
air pressure. It is simple to shut down the system if there is 
no longer any load by closing a solenoid valve upstream of 
the helical flow pump. If you shut off the liquid fuel flow, the 

65 system will essentially coast down to zero speed. 

In deference to the hydrodynamic bearings on the 
turbogenerator, the system would normally be run down 
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